Purpose: High-grade serous carcinoma (HGSC) accounts for the majority of epithelial ovarian cancer deaths. Genomic and functional data suggest that approximately half of unselected HGSC have disruption of the BRCA pathway and defects in homologous recombination repair (HRR). Pathway disruption is regarded as imparting a BRCAness phenotype. We explored the molecular changes in HGSC arising in association with specific BRCA1/BRCA2 somatic or germline mutations and in those with BRCA1 DNA promoter methylation.
Introduction
BRCA1 and BRCA2 encode proteins that are critical for the integrity of the cellular genome, particularly through their roles in homologous recombination repair (HRR) of DNA double-strand breaks (1) . Germline mutations in either gene confer a greatly increased risk of breast or epithelial ovarian cancer (EOC). EOC is a histologically diverse disease with serous, mucinous, endometrioid, and clear cell cancers typically regarded as the most common histotypes. Among these, high-grade serous carcinoma (HGSC) is the most important histologic subtype, accounting for about two thirds of EOC deaths. Recent studies have highlighted molecular differences between EOC histotypes (2, 3), defined distinct cellular origins (4, 5) and have revised the histologic (6) and molecular (2, 7) classification of EOC. Secretory cells of the distal fallopian tube seem to be the progenitors of a substantial proportion of HGSC that are diagnosed as being of ovarian, fallopian tube, or peritoneal origin.
Germline mutations in BRCA1 or BRCA2 had been thought to occur at a frequency of 5% to 10% in women diagnosed with EOC, irrespective of histologic subtype. However, among patients with EOC, BRCA1/2 germline mutation may be essentially a feature of HGSC (8, 9) , and we recently reported a higher combined BRCA1/2 germline mutation frequency in HGSC (17%). When germline mutations were associated with other histotypes, this was probably due to pathologic misclassification of tumors at initial diagnosis (8) . Consistent with the importance of BRCA1/2to the genesis of HGSC, somatic point mutations are seen in these genes in approximately 5% to 7% of these tumors (7) and promoter methylation of BRCA1 is found in a further 11% of HGSC (7) . Inactivation of both BRCA1 or BRCA2 is rarely seen together (7) , suggesting that disruption of either gene is functionally equivalent or lethal in combination. Collectively, changes in BRCA1/2, together with germline or somatic mutation, methylation, or amplification of other members of the HRR pathway including EMSY, FANC-family genes, RAD51C, and PTEN occur in approximately 50% of HGSC, a figure that accords with functional assays of defective HRR in HGSC (10) .
Little is known of the molecular differences that underlie clinical and pathologic variation between BRCA1-and BRCA2-associated HGSC. A supervised analysis of microarray-based gene expression data identified distinct gene expression profiles of BRCA1-and BRCA2-mutated tumors and suggested that sporadic HGSC resembled one or the other germline-mutated samples (11) . These data were subsequently used to generate a classifier of BRCAness, which could predict response to platinum-based therapies or PARP inhibitors (12) . More recently, germline mutation in BRCA1 or BRCA2 was found to be anticorrelated with amplification of the CCNE1 gene, which encodes the cellcycle regulator cyclin E1 (7) .
Here, we explore the molecular biology of HGSC arising in association with BRCA aberrations, finding further evidence of fundamental differences between BRCA1-mutated/methylated and BRCA2-mutated tumors or their wild-type counterparts.
Materials and Methods

Patient samples and associated genomic information
Previously published gene expression data were obtained from 3 independent ovarian cancer cohorts: The Cancer Genome Atlas (TCGA) dataset of 316 HGSC (7), a cohort of 132 HGSC from the Australian Ovarian Cancer Study (AOCS; ref. 2) , and 61 ovarian tumors of mixed histologies from the Memorial Sloan-Kettering Cancer Center, which we refer to as the Jazaeri dataset (11, 12) . Further information about the cohorts and their respective genomic datasets are provided in Supplementary Methods.
Bioinformatic analyses
Methodology for evaluation of the gene expression and DNA copy number data, including the generation of a gene expression-based classifier, is provided in the Supplementary Methods. In addition, to facilitate reproducibility of the research, a Sweave formatted file, capable of reproducing all the figures and tables, can be provided on request.
qPCR validation of copy number associations
Gene copy number for MYC, PTK2, and PYCRL were assessed by quantitative real-time PCR (qRT-PCR) using the 7900HT Fast Real-Time PCR system (Applied Biosystems) as described previously (13) . Primers were designed to amplify exonic regions, avoiding known single-nucleotide polymorphisms (SNP) and amplification of homologous sequences, using Primer3 (14) . Further information, including primer sequences, can be found in the Supplementary Methods.
Results
High frequency disruption of the BRCA1/2 pathway in HGSC tumors
To explore the molecular features of tumors arising in BRCA mutation carriers and noncarriers, we first screened for germline (8) and somatic BRCA1/2 mutation information in a subset of 132 women recruited to the AOCS for which we had previously obtained Affymetrix U133þ2.0 gene expression data on tumor samples (2) . Germline mutations were identified 15.9% of cases (14 BRCA1, 7 BRCA2; Table 1 ), a similar frequency to that reported previously for HGSC (7, 9) and slightly below that seen for the overall AOCS cohort (8) . A further 6.1% (8 of 132) of patients had a germline BRCA1/2 sequence variant of unknown, but likely low, pathogenic significance and were considered wild-type (Supplementary Table S1 ). Consistent with previous reports (7, 15, 16) , pathogenic somatic mutations in BRCA1/2 were found in 6.1% of our samples (4 BRCA1, 4 BRCA2; Table 1 ). Methylation of the BRCA1 promoter (17) and several other members of the HRR pathway have been described previously, including PALB2 (18) and FANCF (19) . Extensive BRCA1 promoter methylation was observed in 15.9% of AOCS samples
Translational Relevance
Disruption of the BRCA pathway is a feature of approximately half of all high-grade serous ovarian carcinomas (HGSC), but it is unclear whether aberrations in the pathway are functionally equivalent. This study for the first time systematically investigates differences in gene expression, in combination with DNA copy number, in HGSC arising in association with BRCA1 or BRCA2 mutations. We show that BRCA1-mutant tumors are associated with a specific molecular subtype of HGSC and have a distinct gene expression signature, which is heavily influenced by specific amplification events at 8q24 and on the X chromosome. In contrast, BRCA2-mutant tumors more closely resemble "wild-type" HGSC. High frequency of amplification involving 8q24 and loci on the X chromosome in BRCA1 HGSC resembles basal-like breast cancer (BLBC). Our work has important implications for the design of clinical trials in mutation carriers and in understanding the molecular features of HGSC and BLBC.
( Supplementary Table S4 ), however, no significant methylation of either the PALB2 (20) or FANCF promoter regions was observed, a finding that was consistent with independent TCGA data (7). Overall, 37.9% of the AOCS samples showed evidence of disruption of the BRCA1/2 pathway by either BRCA1/2 germline or somatic mutation or BRCA1 methylation, with the different type of disruption being almost completely mutually exclusive types (Fig. 1A ).
Carcinomas associated with BRCA1-mutant tumors cluster with the C2 molecular subtype of HGSC We previously described 4 molecular subtypes (C1, C2, C4, and C5) of HGSC (2) that were subsequently validated in the TCGA analysis (7) . One hundred and eleven of the AOCS tumors profiled for BRCA pathway disruption, and 210 of those from the TCGA analysis were subsequently classified as being HGSC, and were included in one of these 4 subtypes. BRCA1-disrupted tumors (methylated or somatically/germline mutated) were observed to be markedly enriched in the C2 (immunoreactive) molecular subtype for both the TCGA (Fig. 1B and Supplementary Table S6) and AOCS datasets ( Fig. 1C and Supplementary Table S7) . A focused statistical test designed to detect this enrichment was strongly significant for both the TCGA (P ¼ 0.0002; Fig.  1B ) and AOCS cohorts (P ¼ 0.017; Fig. 1C ). In contrast, BRCA2-mutant tumors were not significantly associated with any of the molecular subtypes in either the AOCS or TCGA datasets. The C2 subtype is characterized by an intense infiltration of T cells in the epithelial fraction of the tumor and generally favorable patient overall survival (OS; refs. 2, 21).
Gene expression distinguishes BRCA-mutated and wild-type tumors A microarray-based gene expression profile has been previously described that distinguished BRCA1-and BRCA2-mutant tumors and classified sporadic cancers as either BRCA1-or BRCA2-like (11). We were unable to replicate these findings within the same dataset (Jazaeri) or with the TCGA dataset (described in Supplementary Methods and Supplementary Figs. S1-S3). We were also unable to distinguish BRCA1/2-mutated tumors from those arising in noncarriers in either the AOCS or TCGA datasets when we used a more recently reported BRCA-like gene expression signature, also derived from the Jazaeri dataset (Supplementary Fig. S5 ; ref. 12). We therefore sought to develop a novel classifier that could identify ovarian tumors carrying any mutation in BRCA1 or BRCA2. We made use of the TCGA expression dataset for gene discovery (200 expression profiled cases with known BRCA status; 27 BRCA1, 28 BRCA2, and 145 wild-type) and then validated findings in the AOCS cohort. It is unclear whether BRCA1 methylation impacts on HGSC biology to the same extent as somatic or germline mutations, as patients with BRCA1 methylation have been reported to have similar clinical outcomes to those with wild-type HGSC (7) . Therefore, to maximize the opportunity to discover a signature associated with either BRCA1 or BRCA2 mutation, we initially excluded BRCA1-methylated samples and focused on BRCA germline or somatically mutated tumors for our analyses. Sixty-five genes were identified that were differentially expressed between BRCA-mutated and wild-type samples, after correcting for multiple testing and allowing for a false discovery rate of less than 5% (Supplementary Methods and Supplementary  Table S8 ). The differences in expression of individual genes were modest, in most cases involving less than a 2-fold change in expression between mutated and wild-type cancers (Supplementary Table S8 ). There was no overlap between the 65 genes identified here and those associated with the previously described BRCA-like signature (12) .
A classifier was created using the differentially expressed gene-list derived from TCGA data (Supplementary Methods) and applied to the AOCS cohort. The distribution of scores in tumors with either germline or somatic BRCA1/2 mutations and BRCA1 promoter-methylated samples was Fig. 2A ; P < 0.0001; Student t test). A receiver operating characteristic (ROC) curve was computed for the TCGA, AOCS, and Jazaeri datasets, showing that our classifier outperformed the previously described BRCA-like signature in all 3 instances (Supplementary Table S10 ).
A distinct pattern of gene expression distinguishes BRCA1 from BRCA2 and wild-type tumors Separation of the tumors by mutation type showed that median classifier values of BRCA1-mutated or methylated samples were significantly different to wild-type tumors, however, there was less discrimination between wild-type and BRCA2-mutated samples (Fig. 2B) . As these findings suggested that BRCA1-mutated samples contributed most of the discriminatory power of the classifier, we repeated the gene selection process, but this time seeking markers specifically associated with either BRCA1 or BRCA2 mutation when compared with wild-type tumors. Within the TCGA data, we identified 34 genes that were differentially expressed between BRCA1-mutated and wild-type tumors, 24 of which were common to the initial BRCA1/2 signature (Supplementary Table S9 ). No differentially expressed genes were associated with BRCA2-mutated tumors, at a false discovery rate of less than 5% and after correcting for multiple testing. Collectively, these findings suggest that BRCA1-mutant and methylated tumors have a common distinct pattern of gene expression, whereas BRCA2-mutant tumors more closely resemble those arising in a wild-type background.
Independent validation of the 34 gene-classifier using AOCS samples showed clear separation of BRCA1-mutant and methylated tumors from wild-type samples, with BRCA2-mutant tumors having intermediate values ( Fig.  2C and D) . Using the 34-gene list and a k-nearest neighbor classification method to predict the BRCA1 status, we achieved a positive predictive value of 0.77 and a negative predictive value of 0.92, with an overall accuracy of 89% (Supplementary Table S12) .
Women with tumors deemed to be BRCA1-like according to the classifier were shown to have a longer progressionfree (PFS) and OS compared with wild-type, in both the TCGA and AOCS cohorts in univariate analyses (log-rank test: TCGA PFS P ¼ 0.027, OS P ¼ 0.027; AOCS PFS P ¼ 0.010, OS P ¼ 0.008; Supplementary Fig. S7 ), supporting distinct underlying biology or chemoresponsiveness of BRCA-like tumors.
Chromosomal alterations at 8q24, 19q12, and X are associated with BRCA1 disruption
The inability to identify significantly differentially expressed genes between BRCA1 and BRCA2 tumors, and between BRCA2 and wild-type tumors prompted us to consider a gene set analysis (22) . Gene set analysis identified genes associated with chromosomal regions 8q24 and Xq28 as being differentially expressed between BRCA1-mutated and other samples (Supplementary Table S14 ). In contrast, there was no obvious enrichment of genes associated with specific chromosomal loci among BRCA2-mutated samples (Supplementary Table S15 ). HGSC are characterized by genomic instability, including amplifications and deletions (23), and we therefore considered whether copy number differences in the BRCA1-associated tumors contributed to their specific gene expression signature. We made use of the TCGA cohort, for which there were 204 HGSC samples available with annotated BRCA-pathway events and copy number data (34 BRCA1-mutated, 30 BRCA2-mutated, and 140 wild-type). The proportion of samples with genomic copy number changes in BRCA1/2 carriers and wild-type patients were compared and P values estimated after correcting for the false discovery rate. We observed a general increase in amplifications in BRCA1-mutant tumors and deletions in tumors from BRCA2 carriers (Supplementary Fig. S8 ). Importantly, several chromosomal regions were significantly differentially amplified, including 8q24, 19q12-13, and regions on the X chromosome, in tumors arising in BRCA1-mutant samples versus those in noncarriers (Fig. 3A) . The 8q24 amplicon is gained in 63.4% of TCGA HGSC samples and amplified in 23.7% of cancers (7, 23) , however, amplification was much more common in BRCA1-mutant compared with wild-type cancers (P < 0.0001). Amplification of 8q24 is the most common copy number variant in HGSC (7) and the MYC proto-oncogene is a putative driver of the amplification.
We wanted to exclude the possibility that the increase in the frequency of 8q24 amplification simply reflected a general increase in DNA copy number in BRCA1-associated tumors. We therefore examined amplification on chromosome 3, involving another commonly gained region at 3q26. The 3q26 amplicon is gained in 64.9% of TCGA samples, and amplified in 17.2%. Unlike the 8q24 and Xchromosome loci, there was no significant difference in the level of amplification at 3q26 in BRCA1-mutated HGSC when compared with BRCA2-mutated or wild-type HGSC (Fig. 3A) . As a further control, the BRCA1-mutated tumors were stratified by their MYC status, and the extent of overall genomic alterations compared. There was no significant relationship between the degree of 8q24 gain/amplification and the extent of overall genomic alteration in individual samples ( Supplementary Fig. S14 ). The control data confirm that aberrations at 8q24 and the X-chromosome are specifically enriched in tumors associated with BRCA1 mutations. We have previously shown that MYCN amplification is specifically associated with the C5 molecular subtype of HGSC (21), but unlike MYC, we found no evidence of an association between MYCN copy number and BRCA1/2 status (data not shown).
Amplification of the 8q24 locus is broad and complex and, in addition to involving MYC, it frequently involves genetic risk loci associated with colorectal and breast cancer (24) . For example, the noncoding RNA, Pvt-1, which is adjacent to MYC also seems to contribute to the oncogenic effects of amplification at 8q24 (25) . We plotted the strength of association of copy number variation at 8q24 with BRCA1 mutation status, finding that the strongest association lay telomeric to MYC, adjacent to the PTK2 gene (Fig. 3B) To independently validate the association of the 8q24 amplification with BRCA1 mutation status, we conducted quantitative PCR (qPCR) analysis of DNA derived from AOCS tumors, using 3 genes (MYC, PCRYL, and PTK2) that collectively spanned the region of 8q24 that was most closely associated with BRCA1 mutation. Germline/somatic BRCA mutation and BRCA1 promoter methylation were each associated with amplification of 8q24 in the AOCS dataset, with the strongest association seen with MYC amplification in both BRCA1-methylated and -mutated samples (Fig. 4A) . Interestingly, we also observed a differential association between amplification of 8q24 and germline versus somatically BRCA2-mutated samples, although the number of samples available for this subset analysis was limited (Fig. 4A) . Finally, we considered whether MYC status influenced clinical outcome in carriers, who generally have a more favorable OS compared with noncarriers (8) . In a pooled analysis of data from TCGA and AOCS, there was no evidence that MYC amplification affected survival in BRCA1-mutated tumors ( Fig. 4B and C; n ¼ 52).
Interaction between BRCA1/2 mutation and regions in chromosome 19 and the X chromosome
Amplifications at 19q12 and on the X chromosome were also significantly differentially altered in BRCA-mutated tumors. As reported previously (7), amplification of CCNE1 at 19q12 was mutually exclusive to BRCA-pathway disruption (Fig. 3A) and this extended to 19q13, which is partially coamplified with 19q12 (26) . In addition, amplification of several regions on the X chromosome (Xq21, Xq25, Xq26, Xq27, and Xq28) were also associated with BRCA1 mutation, and genes associated with these regions were enriched among the list of 34 genes we had found to be BRCA1-specific (Supplementary Table S9 ).
Amplification at Xq28 seems to be even more specific to BRCA1 mutation than the association with 8q24 (Fig. 3A) . Uniparental X-chromosomal isodisomy, gain of Xq28, and over expression of a subset of X chromosome genes has been reported previously in basal-like breast cancers (BLBC), which are associated with BRCA1 germline mutations (27) . Similar to the findings in basal-like cancers, we found no evidence of a global change in expression of X chromosome genes in BRCA1-or BRCA2-mutant HGSC (Supplementary Fig. S15 ). We did observe, however, that a subset of X-chromosome genes that were previously identified as over expressed in BLBCs (27) were also significantly over expressed in BRCA1-mutation-associated HGSC (Supplementary Table S19 ).
Discussion
Consistent with previous reports, we observed somatic or germline mutations in the BRCA1 and BRCA2 genes associated with a large proportion of HGSC tumors, and these were almost completely mutually exclusive. Mutual exclusivity may reflect a functional equivalence of the mutations, in which there is no selective advantage to a tumor cell by possessing more than one defect in the BRCA pathway. Sensitivity to platinum-based therapy in the primary (28) and relapse setting (8) , as well as significant responses to PARP inhibitors (29) A, amplifications of genomic loci chr8q24, chr19q12, and chrXq28 are significantly associated with BRCA mutation status. Significantly differentially amplified genomic regions were identified by comparing the proportion of samples amplified in BRCA1-mutated, BRCA2-mutated, and wild-type (WT) samples using Fisher exact test.
The P values were adjusted to correct for false discovery rate. The 3q26 locus is gained in 64.9% of TCGA samples and amplified in 17.2%. The 8q24 amplicon is gained in 63.4% of TCGA samples and amplified in 23.75%. Amplifications in chromosomal locus 8q24 and Xq28 are significantly common in BRCA1-mutated tumors, whereas amplification of chr19q12 is more frequently observed in wild-type tumors. The proportion of samples with amplification at 3q26 is shown as a control. This region is frequently gained in HGSC, but there was no difference in the amplification status of this locus with BRCA mutation status. B, statistical significance of difference in the proportion of samples amplified at the 8q24 locus. Negative log2-transformed false discovery rate is plotted for all the 3 pairwise comparisons. Selected genes mapping to this region are shown at the actual genomic location along the x-axis. A full list of genes found in the amplicon can be found in Supplementary Table S16 .
shared BRCAness phenotype of tumors arising in BRCA1/2 carriers (30). However, recent evidence points to important clinical and pathologic differences in the behavior of tumors arising in women with BRCA1 compared with BRCA2 mutations. Although both genes encode proteins that participate in the HRR pathway, BRCA1 has both an earlier and wider role in DNA damage response (31) (32) (33) and additional cellular functions, including cell-cycle regulation (32) . BRCA1 loss may therefore have more extensive molecular and clinical consequences when compared with a BRCA2 mutation. Indeed, germline BRCA1 mutation confers a higher risk of developing ovarian cancer than germline BRCA2 mutation (34) and on average, ovarian tumors arise a decade earlier in BRCA1 carriers compared with those in women with BRCA2 mutations or with wild-type BRCA1/2 genes (8). Women with either BRCA1 and BRCA2 germline mutations generally have a better response to therapy and a longer OS compared with patients with noncarrier ovarian cancer, and some have reported that those with a BRCA2 mutation survive longer than BRCA1 carriers despite usually being older at diagnosis (35) .
Differences are also observed between BRCA1-and BRCA2-associated breast cancers. Distinct pathologic features, including high rates of mitosis and pushing margins, are seen in BRCA1-associated breast cancers (36) , whereas tumors arising in BRCA2 carriers more closely resemble those of noncarriers. In addition, germline mutations in BRCA1 are strongly associated with basal-like, estrogen-receptor (ER)-negative breast cancers, whereas A Probability of relapse Probability of death
Time to relapse (mo) Time to death (mo)
Log-rank test P value = 0.764 Log-rank test P value = 0.493 B C Figure 4 . A, validation of the 8q24 amplification by qPCR in the AOCS dataset. All 3 genes validated (MYC, PTK2, and PYCRL) are found in the identified 8q24 amplicon. MYC copy number is higher in BRCA1-mutated, BRCA1-methylated, and BRCA2 somatically mutated tumors when compared with wild-type (two-tailed t test; ÃÃÃ , P < 0.0001-0.001; ÃÃ , P ¼ 0.001-0.01; Ã , P 0.01-0.05). Expression levels of PTK2 and PYCRL are not significantly higher in BRCA1 somatically mutated or BRCA2 germline-mutated tumors when compared with wild-type. B and C, PFS time (time from diagnosis to first relapse or last follow-up; B), and OS (time from diagnosis to death or last follow-up; C) in the BRCA1-mutated tumors, stratified by MYC amplification status. Patients whose tumors had both a BRCA1 mutation and MYC amplification did not have a shorter disease-free interval (P ¼ 0.764; log-rank test) or OS (P ¼ 0.493; log-rank test). Analysis is from AOCS and TCGA datasets combined.
both ER-positive and -negative tumors are seen in BRCA2 carriers. Recently, necrosis, high-mitotic counts, prominent intraepithelial lymphocytes, and nuclear atypia have been specifically associated with BRCA1 rather than BRCA2 mutation in HGSCs (37, 38) . Our finding of a strong association of BRCA1 inactivation with the C2 molecular subtype of HGSC is consistent with these reports, as this subtype is characterized by intense intraepithelial T-cell infiltration (2) . Not all C2 tumors in our set had detectable inactivation of BRCA1, and it is possible that other mechanisms of BRCA1/HRR deficiency are operative in these tumors. It is unclear whether BRCA1-associated tumors tend to be more strongly immunogenic and/or are less capable of suppressing a cytotoxic immune response, however, these findings suggest that knowledge of BRCA mutation status should be considered in the design of future immunotherapy trials in HGSC.
BRCA1-and BRCA2-associated gene expression signatures have been reported previously (11, 12 ), yet we were unable to validate these signatures in independent datasets. Furthermore, the previous observation that BRCA1 and BRCA2 tumors have distinct patterns of expression, and that wild-type tumors resembled one or the other profile, was not supported by our study. By using a more homogenous tumor cohort, well annotated for BRCA status, we found that BRCA1-mutated tumors are the outlier in gene expression, with BRCA2 and wild-type tumors being more closely related. Interestingly, both the signature and the association with C2 molecular subtype were also observed in BRCA1-methylated cancers, even though patients with methylated BRCA1 alleles apparently do not share the same survival advantage of HGSC patients with germline BRCA1 mutations (7). The similar molecular phenotype of germline and methylated BRCA1 HGSC is consistent with recent results in breast cancer (39) . A number of genes associated with the BRCA1 gene expression signature in HGSC are associated with DNA damage and/or BRCA1, including BMI1 and CDKN1C (40, 41) , and HSF1, possibly reflecting genomic stress and altered multiprotein complex stoichiometry (42) . The tumor suppressor CDKN1C has previously been identified in a gene expression signature found in the fallopian tubes of BRCA1 mutation carriers with preneoplastic lesions (41) . In conjunction with BRCA-loss being an initiating event in the development of HGSC, the downregulation of CDKN1C may also be important for tumorigenesis in mutation carriers.
A gene-expression signature that can help identify mutation carriers could be clinically useful in several ways. Patients with germline BRCA1/2 mutations have high response rates to PARP inhibitors but responses are also seen in noncarriers; therefore, identifying biomarkers of patients with HGSC, who are likely to respond to therapy or have a BRCAness phenotype, is a high priority. A signature that can interrogate the overall activity of the BRCA pathway, rather than the need to conduct a series of gene-specific tests, would be desirable. At present, this signature is not sufficiently reliable to be used as a surrogate for genetic testing of probands, however, the classifier may complement other tools for assessing the likely pathogenicity of BRCA sequence variants of unclassified significance uncovered during diagnostic BRCA testing. Reversion of germline BRCA1 and BRCA2 alleles and partial restoration of HRR following platinum treatment is associated with resistance to platinum-based therapies and PARP inhibitors (12, 43, 44) . It is important to know whether reversion of BRCA1 alleles is associated with a gene expression signature more typical of wild-type tumors.
Gene set enrichment analysis showed that the BRCA1-specific gene signature was substantially driven by chromosomal aberrations at 8q24 and on the X chromosome, and these regions were also identified by a supervised analysis of copy number data. The strongest association between 8q24 amplification and BRCA1 mutation localized to PTK2 within the TCGA dataset, however, this shifted to MYC in validation studies with the AOCS dataset. Functional studies are needed to further refine the contribution of one or more genes in the 8q24 locus to an interaction with BRCA1 mutation.
We have previously noted a relationship between HGSC and BLBC with both tumor types sharing a propensity for widespread chromosomal copy number change, almost ubiquitous TP53 mutation, frequent disruption of the BRCA pathway, MYC gain, and CCNE1 amplification together with RB loss (45) . Our findings suggest that MYC amplification is particularly a feature of BRCA1-mutated or BRCA1-methylated HGSC and is less common in BRCA2 germline mutant or nonmutant HGSC. Genomic amplification of MYC has previously been linked to BRCA1-mutated and -methylated breast tumors (46) and BLBC (45) . The significance of a special relationship between BRCA1 protein loss and MYC amplification is unclear, however, we note that these proteins have been shown to physically interact with BRCA1-repressing MYC-mediated transcription (47) . In the absence of BRCA1 function, cells may enjoy a selective advantage from MYC amplification. Although we did not observe a difference in survival of BRCA1 carriers with or without amplification of the MYC locus, this analysis made use of a limited number of tumor samples and is worthy of further consideration.
We also identified specific chromosomal aberrations and over expression of a subset of X chromosome genes in HGSC that were previously identified in BLBC (27) , providing a further parallel between these tumor types and implying a common molecular relationship between specific X chromosome loci and BRCA1 (48) (49) (50) .
Although EOC is still largely treated as a single entity, molecular and pathologic studies of the last decade have underscored the diverse nature of the disease (2, (4) (5) (6) 37) . Here, we provide additional evidence of this molecular diversification, segregating even those tumors that share a common pathway deficiency. Understanding the molecular changes associated with tumors arising in distinct genetic backgrounds will help provide an integrated picture of their circuitry and thereby offer novel approaches to therapeutic intervention.
